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In Brief
Thompson et al. show responses to sound and water flow in the larval zebrafish tectum, a structure previously regarded as visual only. Responsive ensembles of cells are specific to salient features of only one modality, but sound and water flow suppress visual responses when they accompany a visual stimulus.
INTRODUCTION
The superior colliculus is a midbrain structure involved in the spatial registration of different senses, including vision, audition, and somatosensation [1] [2] [3] , although the circuit-level mechanisms by which these signals are integrated remain poorly understood. The homologous structure in fish, the tectum, has been extensively studied for its responses to visual stimuli, and for the contributions that it makes to visually based behaviors [4] [5] [6] . Larval fish possess several senses, including vision, audition, and water flow sensation, that are inherently spatial and can be used to detect stimuli at a distance. In order to be sensitive to predators or prey in a variety of contexts and to respond appropriately, larvae must register and integrate inputs across these senses. The tectum is an appealing candidate for such integration, but tectal responses to non-visual stimuli have not been reported in larval fish. As a result, little is known about whether or how inputs from non-visual sensory modalities pass through the tectum, or about the mechanisms by which different modalities may be registered against one another during tectal processing.
The recent proliferation of studies using fluorescent indicators of neural activity has allowed responses to be observed across populations of neurons and permitted the identification of ensembles, or clusters of neurons with similar response properties [7] [8] [9] [10] . The coherent activity of these ensembles is likely essential to information coding and processing in the brain [11, 12] , and new techniques for studying whole networks of neurons in vivo show great promise for describing the mechanisms underlying these population codes. The size and transparency of zebrafish larvae have allowed the description of population level responses to specific visual stimuli [4, 9, [13] [14] [15] [16] [17] , and the assignment of likely functional roles to specific cell types within the broader tectal circuit [18, 19] . While these studies have shed light on the mechanisms likely taking place in the superior colliculus, they have thus far focused exclusively on responses to visual stimuli.
Here, we use selective plane illumination microscopy (SPIM) and the calcium indicator GCaMP5G to reveal tectal responses to visual, auditory, and water flow stimuli. We show that different stimuli drive distinct spatial and temporal patterns of responses within the tectum, both in the neuropil and in the cell body layer, revealing previously undescribed spatial logic to tectal processing across all three modalities. Consistent with recent reports [4, 9] , we identify ensembles of neurons responsive to simple visual stimuli and go on to describe the salient stimulus feature linked to ensembles of different functional clusters. We also describe two water flow-sensitive and two sound-sensitive clusters, each responsive to its own specific stimulus feature. Very few cells responded to multiple stimuli, even across the range of different visual stimuli presented, suggesting that the majority of cells in the larval tectum have strong preferences for particular stimuli by 6 days of age.
Several studies of co-active neurons have noted the inconsistency of ensembles from trial to trial [9, 15] , raising questions about how highly variable ensembles could reliably encode specific stimuli or stimulus features. We also observe a high level of variability in ensemble composition across trials but find that most contain small ''cores'' of reliably responsive neurons surrounded by a larger population of inconsistently responding cells. We discuss the implications for these findings with respect to theories of information encoding across neural circuits.
RESULTS
The Tectum Receives Multisensory Information, with Clusters of Cells Responsive to Visual Stimuli, Water Flow, and Sound To investigate the responses of tectal neurons to a range of different sensory stimuli, 6-day post-fertilization (dpf) zebrafish larvae expressing GCaMP5G [20] pan-neuronally were imaged using SPIM (see Experimental Procedures and Table S1 ). Paralyzed larvae were embedded in agarose adjacent to a translucent projector screen and suspended speakers, with the tail freed to allow for water flow stimulation of the trunk lateral line neuromasts ( Figure 1A ). Four different visual stimuli were presented sequentially to the fish, including moving vertical and horizontal bars, a full-field flash, and a small moving spot, followed by two brief puffs of water directed along the tail, and finally an auditory tone (see Experimental Procedures and Movie S1). The visual stimuli were intended to examine and compare tectal responses to several distinct stimulus features previously described individually in larval zebrafish [4, 9, 15, 16] .
Water flow sensation is performed by the lateral line system in zebrafish and other fishes [21, 22] . Second-order projections from the lateral line ganglia project to the contralateral midbrain [23] , and, as such, water flow stimulation was presented to the side of the tail contralateral to the tectal hemisphere imaged. Since retinal ganglion cell projections are also contralateral [24, 25] , visual and water flow stimuli were presented to the same side of the larva. The tectum was imaged dorsally for five consecutive trials at each of six dorsal-ventral depths, spaced 25 mm apart. Individual cells in the tectal periventricular layer (PVL) were automatically segmented, and the fluorescence intensity for each neuron was recorded over time as a measure of activity (Figures 1B and 1C ; see also Experimental Procedures). Responsive cells were identified for each of the six stimuli presented across three sensory modalities. Approximately 29,000 cells across 11 fish (2,626 ± 607 cells per fish) were imaged for five presentations of each stimulus train, yielding nearly 145,000 individual activity traces. 17.89% of these were responsive to at least one of the four visual stimuli, and 3.92% responded to at least one of the two non-visual stimuli (see Supplemental Experimental Procedures). Despite cytoplasmic localization of GCaMP5G and the dense packing of PVL neurons in the tectum, we did not observe blurring of signals across cell borders, and individual cells' traces were clear and separable ( Figure S1 ).
Spatial Profiles of Visual, Lateral Line, and Auditory Processing in the Tectum
Throughout the tectum, responses' spatial locations play an important role in visual processing. For example, retinal input is initially received across the superficial layers of the neuropil, while more processed information is found in the deeper layers [17, 18] . In our experiments with pan-neuronal GCaMP5G, signals in the neuropil should result both from the axons of afferent neurons arriving in the tectum, and from the dendrites of the tectal cells receiving this input. To determine how different sensory modalities are processed in the neuropil, we correlated responses to each stimulus using algorithms within the Thunder brain mapping library [26] and then merged responses across all of our trials ( Figure 2 ). To put these responses in a spatial context, we mapped the neuropil laminae defined by retinal ganglion cell axon positions (Figure 2A ) as previously described (A) A schematic of the experimental setup. Zebrafish larvae were exposed to four visual stimuli, two lateral line stimuli, and an auditory stimulus while neuronal activity was simultaneously imaged using SPIM. (B) Pan-neuronal GCaMP5G was imaged in the tectum from a dorsal perspective, orthogonal to the illumination plane. Individual cells (yellow) were automatically segmented using custom-written code in MATLAB. (C) A raster plot of the change in fluorescence over time for each cell in a single experimental trial. Defined patterns of activity were observed in response to the presentation of the various sensory stimuli (vertical bar, red; horizontal bar, purple; full-field flash, blue; small spot, green; water flow, light green; auditory tone, orange). See also Movie S1 and Figures S1 and S2. [27, 28] . We found that various visual responses spanned from the superficial neuropil to intermediate layers, while water flow responses were occasionally observed in the deeper layers, overlapping the SGC and SAC/SPV laminae ( Figure 2B ). Auditory responses in the neuropil were weaker and more variable from animal to animal, resulting in weak average responses across our experiments. This effect was compounded by the scaling of these responses against the stronger responses arising from vision and water flow.
The functional architecture of the tectal PVL along its dorsalventral axis remains unexplored in larval zebrafish, although this is a functionally important axis in the mammalian superior colliculus [29] [30] [31] . We found pronounced differences across stimuli and modalities in terms of the dorsal-ventral positions of their responsive PVL neurons ( Figures S2A-S2F ). The distributions of horizontal bar-and small spot-responsive neurons approximately matched the overall distribution of all responsive neurons. Vertical bar-responsive neurons were overrepresented in the 50 mm depth and also in the ventral PVL, while neurons responding to full field flash were more ventral than the population as a whole. Water flow-responsive neurons were significantly shifted dorsally, while auditory neurons were markedly shifted toward the ventral PVL ( Figures S2A-S2F ).
Defined Clusters of Cells Respond Collectively during Stimulus Presentation
Since information processing is believed to rely on simultaneous patterns of activity across many co-active neurons [11, 12] , we clustered our data using principal components analysis followed by non-orthogonal factor rotation (PCA-promax) to identify ensembles of cells with similar response characteristics [9] ( Figure 3A) . After removing artifactual clusters ( Figure S3 ; Experimental Procedures), 19 functional clusters of neurons responsive to our stimuli were retained. This number is unique to our dataset and would be likely to change with different stimuli, other experimental parameters, or different analytical approaches. For each cluster, an average response profile was generated and clusters were ordered chronologically based on the times of their peak response during the stimulus train. The average correlation between the response profiles in each cluster and each of the six stimuli allowed us to match clusters to their preferred stimuli ( Figure 3B ). This revealed 15 clusters responsive to the visual stimuli, two to water flow, and two to the auditory tone ( Figures 3B and 3C ).
This manner of clustering was chosen in order to allow cells with similar responses to be grouped together, while allowing individual cells to be members of multiple ensembles within a given trial. This was necessary because of the wide diversity of response profiles that we observed, including cells that exclusively responded to a stimulus during a single trial, cells that consistently but specifically responded to a particular stimulus, and cells that responded inconsistently to several other stimuli while responding consistently to their primary stimulus (Figure S4 ). It was important to include as many responses as possible in clusters while excluding those cells that did not significantly respond to the underlying salient feature. By raising or lowering the threshold levels, clusters became more exclusive or inclusive, respectively, with the number of cells per cluster considerably more affected than the shape of the average response for the cluster ( Figure S5 ). The stability of the response curves across cutoffs led to our choosing a relatively inclusive cutoff of 1.5 SDs, where more than 90% (27,098 out of 29,940) of stimulus-responsive traces were represented in one or more clusters.
Clusters Respond Preferentially to Particular Stimulus Features
Given that multiple clusters were responsive to each stimulus, we explored whether particular features of each stimulus could be responsible for individual clusters. As seen in Figure 4 , the peak response of each cluster occurred at a slightly different time during the relevant stimulus. We compared the response of each trace in a cluster to the discrete features of the stimuli (such as direction for moving visual stimuli, or on/off for the auditory stimulus), giving an average feature selectivity index for each cluster (Figures 4A 0 -4F 0 ). In each case, the highest spiking rates, corresponding to the fastest rise in GCaMP5G signal [20] , were found to correspond to different salient features within the stimuli.
Two clusters (VB1 and VB2) were preferentially responsive to movement of a vertical bar in the rostral direction, and two (VB3 and VB4) were selective for the caudal direction. In each pair of vertical bar-responsive clusters, there was an earlier responding (VB1 and VB3) and a later responding (VB2 and VB4) cluster. The horizontal bar, moving ventrally then dorsally, produced clusters for each direction (HB1 and HB2, respectively), as well as a third cluster (HB3) that appeared to respond to the disappearance of the bar at the end of the stimulus. The full-field flash stimulus produced two ''on'' responsive clusters, one fastonset (FF1) and one slower (FF2), as well as a clear ''off'' responsive cluster (FF3). The small moving spot created a cluster for each of its two rostral movements (SS1 and SS3) and caudal movements (SS2 and SS5), as well as a fifth cluster that responded when the spot was in the rostral visual field (SS4). Water flow elicited a cluster that responded slowly and moderately after the initial presentation (WF1), and another with rapid and strong responses to each of the two stimuli (WF2). Finally, the auditory stimulus elicited two clusters that preferentially responded to either the onset (AUD1) or cessation (AUD2) of the tone.
Spatial Profiles of Clusters in the Tectum
We next investigated whether the cells sensitive to individual salient features within stimuli (i.e., those within different clusters) differ in their spatial profiles from cells responsive to the stimuli as a whole (Figures 2 and S2A-S2F) . In terms of neuropil activity, we found stronger correlations for clusters responding to visual stimuli than water flow or auditory stimuli ( Figure S6 ). Most clusters responsive to the same stimulus produced similar correlations in the neuropil, and differences that arose were represented by differing strengths, rather than distributions, of correlated activity. In other words, all clusters responsive to the same stimulus receive input from similar regions and laminae of the neuropil. In some cases, we found pronounced differences in the dorsoventral positions of cell bodies within the PVL between clusters that responded to the same stimulus ( Figure S2G ). Specifically, we found that the first vertical bar-responsive cluster differed from the other three in that it was more highly represented in the 150 mm depth. Likewise, the second water flow-responsive cluster was most highly represented in the dorsal tectum, which is responsible for the overall dorsal shift seen to the water flow stimulus in Figure S2E . The strongest and best described functional axis of the tectum results from the retinotectal map present along the rostro-caudal axis of the tectum [24] . As a consequence of this map, a moving bar or spot stimulus may be expected to elicit similar responses at different times in cells across different tectal locations as the stimulus moves along this axis. This could result in the erroneous designation of multiple clusters to a widespread population of similarly responding neurons, since spatial separation of the cells would cause temporal separation of their responses. Thus, we investigated whether cell assemblies belonging to sequential clusters were preferentially located along different parts of the rostro-caudal axis when responding to moving stimuli.
We first calculated the medio-lateral and rostro-caudal positions of the cells relative to the center line of the PVL by skeletonizing a hand-drawn mask and determining the distances from this line in MATLAB ( Figure S7 ; Experimental Procedures). From this, we found that ensembles responding to all stimuli, including moving visual stimuli, occurred across the entire rostro-caudal extent of the PVL, with only minor variations in the distribution of cell ensembles ( Figure S7 ). Ensembles of cells responding sequentially to moving stimuli were found to have no significant spatial separation within the PVL, indicating that these are not strongly determined by position in the visual field and are likely to represent true early and late responses ( Figures S7E and  S7H ). Given that our moving stimuli were traveling quickly relative to the position of tectal cells, the lack of a spatial separation in sequential clusters is not entirely surprising.
Ensembles Are Highly Variable from Trial to Trial but Contain Reliably Responsive Cores
It has been shown that tectal cells have preferences for particular stimulus features [4, 9, 14, 15, 17] , but the cells responding to a given presentation of the stimulus vary across trials [9, 15] . To determine whether the cells in our trials were responding consistently, we calculated the matching index (MI) for each ensemble across the five trials in each animal [9] . The degree of matching was generally low across trials ( Figure 5A ), suggesting a high degree of variability in the cells responsive to a given stimulus presentation. Nevertheless, ensembles from all clusters except AUD2 had significantly higher MIs than predicted by random chance ( Figure 5A ). This result is consistent with highly variable ensembles anchored by small cores of consistently responsive cells.
Investigating this possibility, we identified a ''core'' group of cells in most ensembles that responded in at least four of the five trials ( Figure 5B, red cells) , although AUD2 contained no core. In most cases, the number of these cells was significantly higher than predicted by chance ( Figure 5C ). The cores were generally more compact than simulated cores with the same number of cells ( Figure 5D ). The response profiles of the cores closely resembled the responses of the whole cluster, although there was a trend toward a stronger core response to the preferred stimulus feature ( Figure 5E ). As a result, there was also a significant increase in the absolute value of the feature selectivity index for the cores of some, but not all clusters (data not shown).
Matching and Correlation across Clusters Are Generally Low
In general, very few cells were found to be responsive to different modalities, with only 3.5% of cells having significant responses to both water flow and visual stimuli, and less than 1% of cells responsive to both auditory and visual or both auditory and water flow stimuli. To investigate whether cells responsive to a particular stimulus feature might occupy multiple ensembles, we calculated the MI for each pairing of ensembles from the different functional clusters within a single trial ( Figure 6A) . A high proportion of cells were shared between ensembles that peaked at similar times during a given stimulus than at more disparate times or between different stimuli. This is likely an artifact due to the brief separation of sequential stimuli relative to GCaMP5G kinetics [20] , resulting in the repeated inclusion of a small number of cells with broad responses in chronologically adjacent clusters during PCA-promax. When the analysis was restricted to core cells, MIs were lower still ( Figure 6B ). One exception to this was between VB4 and SS5, which have late responses to caudal-moving bars and spots, respectively. The matching index addresses how many cells are shared between different ensembles, requiring only that activity in these cells reach the threshold for inclusion during the clustering process. As such, it fails to capture more complex interactions among neuronal traces. For this reason, we also performed cross-correlation between cells to analyze the temporal relationship between the activities of functionally related cells [32, 33] . We calculated the maximum cross-correlation between the response profiles of every cell for a given ensemble against every other cell within the same, and all other ensembles from the same experimental trial. Since this involves correlating different (albeit related) cells to one another, boxes lying along the diagonal of the graph have values below 1.0. As for the MI above, chronologically consecutive clusters shared higher normalized cross-correlations due to the slow kinetics of GCaMP5G relative to the timing of sequential clusters (Figure 6C) . Correlations between the core cells of different ensembles was generally increased versus ensembles as a whole ( Figure 6D) , with strong correlations emerging between VB1 and small spot-responsive clusters (SS1-4), and between water flow-responsive clusters (WF1-2) and the slow visual ''on'' cluster (FF2). 
Interaction of Different Sensory Modalities in the Larval Zebrafish Tectum
Despite the low number of cells directly shared between ensembles responsive to different modalities, there are indirect ways in which the responses to different stimuli could interact in the tectum. We therefore compared the responses of tectal cells to the presentation of sensory stimuli in isolation, and in combination with stimuli from other sensory modalities. GCaMP5G responses were imaged for 6 s during stimulus presentation in ten fish at two different depths (50 and 125 mm below the skin) in an attempt to capture regions where responses to different modalities may overlap (see Figure S2 ). Stimuli consisted of the moving vertical bar, a 400-Hz tone, or the water jet stimulus in isolation, and we also presented the three pairwise combinations of these stimuli simultaneously. All stimuli or stimulus combinations were presented five times, and the average responses were examined.
For each modality, a pool of responsive cells was established using two trials selected at random from the five trials with the single stimulus. Average responses for these cells were then taken from the three remaining trials for that modality, or from three randomly selected trials with paired stimuli. Visually responsive cells were found to have reduced activity on average when either auditory or water flow stimuli were presented simultaneously with the visual stimulus ( Figures 7A and 7D ). This is in contrast to auditory-responsive cells, in which co-presentation with visual or water flow stimuli led to an average increase in activity ( Figures 7B and 7D) , or water flow-responsive cells in which no change was observed when other stimuli are presented simultaneously ( Figures 7C and 7D) . As auditory responses are usually the weakest and least represented in these experiments, auditory-responsive cells that are also responsive to visual or water flow stimuli could cause this observed increase in average activity during simultaneous presentations. In support of this idea, more than 45% of auditory-responsive cells were found to respond either to visual or to water flow stimuli in isolation. Therefore, the moderate but significant enhancement of auditory responses seen in these experiments could be the product of an additive, rather than a genuinely integrative, process.
DISCUSSION

Multisensory Responses in the Larval Zebrafish Tectum
To our knowledge, this study has demonstrated for the first time the existence of tectal circuits in larval zebrafish involved in the processing of non-visual information. Our stimulation of the lateral line elicited two distinct clusters of responsive cell types, with a strong, rapid-responding cluster primarily in the dorsal PVL. This is in contrast to adult Xenopus, where lateral line stimulation showed electrophysiological activation in ventro-lateral areas of the tectum, merging into the torus semicircularis [34, 35] . This may represent a true difference in these species, or could result from the different stages of development and physiological technique. In zebrafish larvae, second-order projections from the posterior lateral line ganglion have been shown to innervate the contralateral torus semicircularis [23] , with some branches also extending into the tectal neuropil. As such, water flow information may be passed to the dorsal tectum along the deep layers of the tectal neuropil, where it could subserve rheotaxis [22] .
In this study, auditory responses were relatively weak and sparsely distributed in ventral areas of the PVL. These findings are consistent with previous descriptions in the mammalian superior colliculus, where auditory responses are seen primarily in the deeper layers [2, 36] . In the superior colliculus, multimodal cells in the deep layers integrate information from different sensory modalities to fire at rates either above or below linear summation of the two signals, a dynamic process that can change depending on the strength and novelty of the stimulus [37] . Despite the fact that circuits in this brain region are structured for integrating multiple sources of sensory information at very young ages, the synthesis of multimodal responses is believed to develop over an extended period [38, 39] . The low proportion of cells responsive to multiple modalities in this study would suggest that information from different modalities is processed in parallel rather than integrated by tectal circuits at this age. However, this does not preclude the possibility of integration. More nuanced forms of cross-modal integration potentially occurring in the tectum, and approaches for exploring them, are discussed below.
The three modalities that elicited responses from tectal neurons in this study (vision, water flow, and audition) all have the potential to contain spatial information, suggesting that the tectum could play the role of a spatial integrator across those modalities. This idea is supported by the fact that different sensory modalities share overlapping topographical maps in the mammalian superior colliculus [1, 31, 36, [40] [41] [42] . Before this possibility can be addressed in zebrafish, studies incorporating directional auditory stimuli and localized neuromast stimulations will be needed to determine whether these modalities are registered spatially in the tectum, as is the case for vision. For example, in our experiments the stronger activation of the caudal neuropil from water flow (Figure 2 ) may be a result of stimulating neuromasts along the tail as opposed to those covering the head. Overlapping, registered topographic maps across these three modalities would provide support for the tectum's serving as a cross-modal spatial integrator.
Conversely, our data are also consistent with a model in which responses in the tectum to non-visual sensory modalities act primarily to modulate either visual attention [43] or visual processing [44] , rather than representing stimulus-specific information on overlapping sensory maps. This idea is supported by experiments here in which visual responses were modulated by auditory and water flow stimuli without convincing reciprocal interactions ( Figure 7 ). While this contrasts with the existing model of the superior colliculus as integrating information across overlapping topographical maps, this may simply reflect the developmental stage of the animals in our experiments rather than a functional difference between fish and mammals. These possibilities cannot be resolved without a thorough exploration of the relative timings, positions, salience, and other parameters of the relevant stimuli.
Stimulus-Specific Ensembles in the Tectum
Local groups of cells with concerted responses to stimuli (ensembles) have been described previously [7] [8] [9] [10] and are thought to represent a population response that increases both the capacity and flexibility of coding in neuronal circuits. In this study, we have identified ensembles of neurons from 15 visual-responsive clusters, two water flow sensitive clusters, and two auditory clusters within the tectum. Most of the visual response types have been shown previously, including motion selectivity [13, 16] , small spot detection [16, 17] , and the movement of a small spot into a position where it can be targeted with a predatory strike [4] . The ensembles responsive to the moving bars and spots shown here were found not to display any preferential topography and were spread across the extent of the rostrocaudal and medio-lateral axes of the tectal PVL. These data match well with the lack of direction-selective topographic arrangement to moving bars described by Romano and colleagues [9] . From this and previous studies [4, 9, 15] , it is apparent that ensembles of transiently active neurons, rather than individual cells, represent the functional units used during sensory processing in the tectum.
We have shown one cluster (WF1) with a slow response to the first, but not the second, presentation of a water flow stimulus. Ensembles of cells from this cluster could be involved in relaying sensory feedback or in tuning responsiveness of the lateral line system. It is also possible that the response is an off-target effect. While the fish was paralyzed, the tail may have moved passively as a result of the water flow stimulus, raising the possibility of proprioceptive or somatosensory signals. It is also possible that this cluster could be the result of reverberations from an attempted escape response (although the physical response itself was blocked in the paralyzed animal), involving feedback to the tectum via other brain centers such as the cerebellum [45] . A second flow sensitive cluster, composed preferentially of dorsal PVL neurons, responds clearly and rapidly to the onset of water flow. Auditory responses are shown by two clusters, which detect the beginning and end of the auditory stimulus.
There are several caveats inherent to clustering analyses that should be considered alongside these results. Given the dimensionality reduction methods used to analyze the data, the true spectrum of functionally distinct response kinetics elicited by these stimuli may not be fully represented in the results presented here. On the other hand, because our clustering approach was inclusive and unbiased, it may actually overrepresent the number of unique response profiles present in the tectum. For example, pairs of clusters responding to the same stimulus feature, such as VB1 and VB2, may be populated by cells that fire equally across a temporal continuum that was artificially split by PCA-promax. In the future, this could be addressed by the use of faster calcium probes such as GCaMP6f [46] to allow faster imaging of responses, and by changing the velocity and timing of the stimuli. Applying temporal deconvolution to the calcium signals could allow the underlying spike timing of the neurons to be estimated with reasonable accuracy [47, 48] and may also lead to inferences about the underlying anatomical or functional connectivity among cells within or across the clusters presented here.
Core Clusters
Several recent studies have reported ensembles of similarly responding neurons in the zebrafish larval nervous system [4, 9, 15] , although the trial-by-trial composition of these ensembles varies significantly [9, 15] . Here, we provide a possible explanation for how ensembles show significant but limited consistency in their responses to the same stimulus. By tracking a large population of neurons through five identical stimulus presentations, we have identified spatially localized populations of core cells anchoring larger groups of inconsistently responding neurons. Since core cells were overrepresented versus random chance in 16 of our 19 clusters, these could be viewed as a functionally distinct category of neuron within the ensemble, rather than simply the most consistent tail of a continuum.
It is also possible that these core cells could simply be the cells that happen to be optimally tuned to the specific stimuli that we presented, or represent neurons with low activation thresholds or broad tuning curves. These possibilities could be tested experimentally with gradual changes in the saliency or tuning of the relevant stimulus features. Differential changes in the responses of the whole core or individual cells within the core during these subtle shifts in the stimuli would help to reveal the functional relevance of the core cells. One possibility is that the core provides consistent information about the fundamentals of a salient stimulus feature. It would thus follow that the less consistent cells within the ensemble allow extra specificity or context to be represented in population responses to a given stimulus, thus permitting the animal to respond to the same stimulus differently under different circumstances. Changes in ensemble firing patterns have been proposed previously for selectively encoding broad versus specific stimulus features [7] , but this was in the context of responses from the entire ensemble rather than core cell populations.
These observations resemble those made by Miller and colleagues [49] , who recently described clusters of neurons in the mouse visual cortex consistently responsive to specific visual stimuli. These clusters, however, showed several differences from the ensembles described here. The occurrences of full ''core'' responses to a stimulus were relatively low, although significant versus random chance, in the mouse cortex. Also in contrast to what we describe in the zebrafish tectum, core cells were regularly shared across ensembles responsive to different visual stimuli. Furthermore, these ''promiscuous'' core cells in the mouse cortex showed comparable feature selectivity to cells that were restricted to the cores of individual ensembles. Some of these discrepancies may arise from technical differences related to the number of neurons observed, the number of trials, or the means of calculating responses and defining ensembles. They may also spring from differences between the types of calculations, and therefore ensemble structures, specific to the cortex versus the tectum/colliculus. Nonetheless, the ensembles shown in the mouse cortex may serve a broadly similar function to those described here in the fish tectum. Finally, since fish lack a visual cortex, the tectum may perform more comprehensive visual processing than does the mammalian superior colliculus. These observations suggest a role for the tectum that shares properties with both the colliculus (anatomy, connectivity, spatial organization, and representation across modalities) and the cortex (ensemble structure) in mammals.
Interactions of Multiple Modalities in Tectal Circuits
We have also shown that visual responses in the tectum can be inhibited by the simultaneous presentation of stimuli from non-visual modalities. Since these stimuli are likely to represent diverse spatial coordinates in the external world, our results are supported by mammalian experiments examining the behavioral outcomes of multisensory processing in the superior colliculus [50] . In these experiments, disparate auditory stimuli resulted in a decreased performance in a visual-directed behavioral task, although integration was assigned to the convergence of signals from different modalities onto single cells in the superior colliculus in these studies. These results are not entirely surprising given the proposed function of the tectum/colliculus as an attentional center [43] . Unrelated stimuli that have different spatial locations are likely to inhibit one another, with the stronger stimulus winning out and dictating the attention and orientation of the animal at any given moment.
The experiments presented here represent a coarse means of describing sensory integration, and our results merely open the door to a host of interesting questions about the nuances of tectal integration and the circuits that mediate it. For instance, it is not clear whether suppression of visual responses in our experiments results from intra-tectal circuit dynamics, or whether upstream centers, such as the thalamus or pretectum, are providing feedforward inhibition into tectal visual circuits. It would also be interesting to know how the structures of our ensembles would change as stimuli were made weaker or less salient, or how such suboptimal stimuli might interact when presented simultaneously from different modalities. Likewise, it is possible that stimuli across modalities may enhance one another when they come from similar sensory space, but compete if they are from different locations. Such results would put the newly described auditory and water flow responses into a mechanistic context with visual processing in the tectum and shed light on how these senses are integrated to provide coherent outputs to the tectum's premotor targets elsewhere in the brain.
EXPERIMENTAL PROCEDURES
All experiments were carried out in TLN zebrafish larvae carrying elavl3:Gal4 and UAS:GCaMP5G transgenes. 6-day post-fertilization (dpf) larvae were immobilized in 1.5% low melting point agarose and imaged on a custom-built SPIM microscope (Table S1 ) for five consecutive trials at each of six dorsalto-ventral depths. In each trial, four visual and two non-visual stimuli were presented to the larva (Movie S1). Individual cells were automatically segmented and the change in fluorescence (DF/F) was calculated for each cell over time. Ensembles of similarly responsive neurons were found using a principal components analysis (PCA) followed by the non-orthogonal promax factor rotation. The positions of cells within each ensemble were determined relative to the midline of the PVL ( Figure S7 ). The repeatability of neurons within ensembles were compared between trials and between stimuli using the matching index (MI) described by Romano and colleagues [9] . All procedures were performed with approval from 
